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(57) ABSTRACT 

The present invention provides a method for inducing dif 
ferentiation of an embryonic stem cell into a differentiated 
neural cell. The present invention further provides a method 
for producing differentiated neural cells, and a population of 
cells comprising the differentiated neural cells. Additionally, 
the present invention provides a method for repopulating a 
spinal cord in a subject, and a method for treating nervous 
tissue degeneration in a subject in need of treatment. The 
present invention further provides neural progenitor cells, 
differentiated neural cells, and uses of same. Also provided 
is a transgenic non-human animal containing the differen 
tiated neural cells. The present invention is further directed 
to a method for isolating a population of differentiated neural 
cells. Finally, the present invention provides a method for 
identifying an agent for use in treating a condition associated 
With neuron degeneration. 
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METHODS FOR INDUCING DIFFERENTIATION 
OF EMBRYONIC STEM CELLS AND USES 

THEREOF 

BACKGROUND OF THE INVENTION 

[0001] Hundreds of distinct neuronal types are generated 
during the development of the vertebrate central nervous 
system (CNS), establishing a cellular diversity that is essen 
tial for the formation of neuronal circuits. The selective 
degeneration of speci?c types or classes of CNS neurons 
underlies many neurological disorders. This realiZation has 
generated interest in de?ning populations of progenitor cells 
that may serve as replenishable sources of neurons, With a 
vieW to treating neurodegenerative disorders. Directing such 
progenitor cells along speci?c pathWays of neuronal differ 
entiation in a systematic manner has proved dif?cult, not 
merely because the normal developmental pathWays that 
generate most classes of CNS neurons remain poorly 
de?ned. 

[0002] Studies of the neurogenic potential of progenitor 
cells have focused on three major classes of cells: (1) neural 
progenitors derived from embryonic or adult nervous tissue 
(AlvareZ-Buylla et al., Auni?ed hypothesis on the lineage of 
neural stem cells. Nat. Rev. Neurosci., 2:287-93, 2001; 
Gage, F. H., Mammalian neural stem cells. Science, 
287:1433-38, 2000; Temple, S., The development of neural 
stem cells. Nature, 414:112-17, 2001; Uchida et al., Direct 
isolation of human central nervous system stem cells. Proc. 
Natl. Acad. Sci. USA, 97:14720-725, 2000); (2) non-neural 
progenitor cells derived from other tissues and organs (Bra 
Zelton et al., From marroW to brain: eXpression of neuronal 
phenotypes in adult mice. Science, 290:1775-79, 2000; 
MeZey et al., Turning blood into brain: cells bearing neu 
ronal antigens generated in vivo from bone marroW. Science, 
290:1779-82, 2000; Terada et al., Bone marroW cells adopt 
the phenotype of other cells by spontaneous cell fusion. 
Nature, 416:542-45, 2002; Ying et al., Changing potency by 
spontaneous fusion. Nature, 416:545-48, 2002); and (3) 
embryonic stem (ES) cells (Bain et al., Embryonic stem cells 
express neuronal properties in vitro. Dev. Biol., 168:342-57, 
1995; Reubinoff et al., Neural progenitors from human 
embryonic stem cells. Nat. Biotechnol, 19:1134-40, 2001; 
Schuldiner et al., Induced neuronal differentiation of human 
embryonic stem cells. Brain Res., 913:201-05, 2001; Zhang 
et al., In vitro differentiation of transplantable neural pre 
cursors from human embryonic stem cells. Nat. Biotechnol, 
19:1129-33, 2001; Rathjen et al., Directed differentiation of 
pluripotent cells to neural lineages: homogenous formation 
and differentiation of a neurectoderm population. Develop 
ment, 129:2649-61, 2002). ES cells possess the capacity to 
generate both neurons and neuroglial cells, and, in some 
instances, express cell-type markers characteristic of spe 
ci?c classes of neurons, including midbrain dopaminergic 
neurons (Kawasaki et al., Induction of midbrain dopamin 
ergic neurons from ES cells by stromal cell-derived inducing 
activity. Neuron, 28:31-40, 2000; Lee et al., Ef?cient gen 
eration of midbrain and hindbrain neurons from mouse 

embryonic stem cells. Nat. Biotechnol, 18:675-79, 2000). 
Despite these advances, hoWever, it Was not knoWn, prior to 
the present invention, that ES cells can readily generate 
speci?c neuronal cell types, nor that they can recapitulate 
normal programs of neurogenesis. 

[0003] Spinal motor neurons represent one CNS neuronal 
subtype for Which many of the relevant pathWays of neu 
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ronal speci?cation have been de?ned (Jessell et al., Neu 
ronal speci?cation in the spinal cord: inductive signals and 
transcriptional codes. Nat. Rev. Genet., 1:20-29, 2000; Lee 
et al., Transcriptional netWorks regulating neuronal identity 
in the developing spinal cord. Nat. Neurosci., 4 Suppl.:1183 
91, 2001). The generation of spinal motor neurons appears 
to involve several developmental steps. Initially, ectodermal 
cells acquire a rostral neural character—a process achieved 
through the regulation of BMP, FGF, and Wnt signalling 
(MunoZ-Sanjuan et al., Neural induction, the default model 
and embryonic stem cells. Nat. Rev Neurosci., 3:271-80, 
2002; Wilson et al., Neural induction: toWard a unifying 
mechanism. Nat. Neurosci., 4 Suppl.:1161-68, 2001). These 
rostral neural progenitors acquire a spinal positional identity 
in response to caudaliZing signals that include retinoic acid 
(RA) (Blumberg et al., An essential role for retinoid signal 
ing in anteroposterior neural patterning. Development, 
124:373-79, 1997; Durston et al., Retinoids and related 
signals in early development of the vertebrate central ner 
vous system. Curr Top. Dev. Biol., 40:111-75, 1998; Muhr 
et al., Convergent inductive signals specify midbrain, hind 
brain, and spinal cord identity in gastrula stage chick 
embryos. Neuron, 23:689-702, 1999). Subsequently, spinal 
progenitor cells acquire a motor neuron progenitor identity 
in response to the ventraliZing action of Sonic Hedgehog 
protein (SHh) (Briscoe et al., Speci?cation of neuronal fates 
in the ventral neural tube. Curr Opin. Neurobiol., 11:43-49, 
2001). 
[0004] Speci?cation of motor neuron progenitor identity 
by SHh signalling is mediated through the establishment of 
a dorsoventral pattern of eXpression of homeodomain (HD) 
and basic heliX-loop-heliX (bHLH) transcription factors 
(Briscoe et al., supra). At a relatively high level of SHh 
signalling, a discrete progenitor domain—termed the pMN 
domain—is established; Within this domain, cells appear 
committed to the generation of motor neurons rather than 
interneurons (Briscoe et al., A homeodomain protein code 
speci?es progenitor cell identity and neuronal fate in the 
ventral neural tube. Cell, 101:435-45, 2000). 
[0005] Progenitor cells in the pMN domain are character 
iZed by the eXpression of tWo HD proteins (PaX6 and 
NkX6.1) and a bHLH protein (Olig2) (Ericson et al., PaX6 
controls progenitor cell identity and neuronal fate in 
response to graded SHh signaling. Cell, 90:169-80, 1997; 
Sander et al., Ventral neural patterning by NkX homeoboX 
genes: NkX6.1 controls somatic motor neuron and ventral 
interneuron fates. Genes Dev., 14:2134-39, 2000; Vallstedt 
et al., Different levels of repressor activity assign redundant 
and speci?c roles to Nkx6 genes in motor neuron and 
interneuron speci?cation. Neuron, 31:743-55, 2001; Novitch 
et al., Coordinate regulation of motor neuron subtype iden 
tity and pan-neuronal properties by the bHLH repressor 
Olig2. Neuron, 31:773-89, 2001; MiZuguchi et al., Combi 
natorial roles of olig2 and neurogenin2 in the coordinated 
induction of pan-neuronal and subtype-speci?c properties of 
motoneurons. Neuron, 31:757-71, 2001). Each of these three 
transcription factors has an essential role in the speci?cation 
of spinal motor neuron identity (Ericson et al., PaX6 controls 
progenitor cell identity and neuronal fate in response to 
graded SHh signaling. Cell, 90:169-80, 1997; Sander et al., 
Ventral neural patterning by NkX homeoboX genes: NkX6.1 
controls somatic motor neuron and ventral interneuron fates. 
Genes Dev., 14:2134-39, 2000; Vallstedt et al., Different 
levels of repressor activity assign redundant and speci?c 
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roles to Nkx6 genes in motor neuron and interneuron 
speci?cation. Neuron, 311743-55, 2001; Novitch et al., 
Coordinate regulation of motor neuron subtype identity and 
pan-neuronal properties by the bHLH repressor Olig2. Neu 
ron, 311773-89, 2001; MiZuguchi et al., Combinatorial roles 
of olig2 and neurogenin2 in the coordinated induction of 
pan-neuronal and subtype-speci?c properties of motoneu 
rons. Neuron, 311757-71, 2001; Zhou et al., The bHLH 
transcription factors OLIG2 and OLIG1 couple neuronal and 
glial subtype speci?cation. Cell, 109161-73, 2002; Lu et al., 
Common developmental requirement for Olig function indi 
cates a motor neuron/oligodendrocyte connection. Cell, 
109175-86, 2002). Moreover, their combined activities drive 
motor neuron progenitors out of the cell cycle (Novitch et 
al., Coordinate regulation of motor neuron subtype identity 
and pan-neuronal properties by the bHLH repressor Olig2. 
Neuron, 311773-89, 2001; MiZuguchi et al., Combinatorial 
roles of olig2 and neurogenin2 in the coordinated induction 
of pan-neuronal and subtype-speci?c properties of motoneu 
rons. Neuron, 311757-71, 2001), and direct the eXpression of 
doWnstream transcription factors (notably the HD protein, 
HB9) that consolidate the identity of post-mitotic motor 
neurons (Pfaff et al., Requirement for LIM homeoboX gene 
Isl1 in motor neuron generation reveals a motor neuron 
dependent step in interneuron differentiation. Cell, 841309 
20, 1996; Arber et al., Requirement for the homeoboX gene 
Hb9 in the consolidation of motor neuron identity. Neuron, 
231659-764, 1999; Thaler et al., Active suppression of 
interneuron programs Within developing motor neurons 
revealed by analysis of homeodomain factor HB9. Neuron, 
231675-87, 1999). 
[0006] The above ?ndings suggest that insights into nor 
mal pathWays of neurogenesis can be applied in a rational 
manner to direct heterologous sets of progenitor cells, such 
as ES cells, into speci?c CNS neuronal subtypes. ES cells 
have been reported to generate cells With some of the 
molecular characteristics of motor neurons (Renoncourt et 
al., Neurons derived in vitro from ES cells express 
homeoproteins characteristic of motoneurons and interneu 
rons. Mech. Dev., 791185-97, 1998). HoWever, prior to the 
present invention, neither the pathWay of generation of these 
neurons, nor their in vivo developmental potential, has been 
adequately eXplored. 

SUMMARY OF THE INVENTION 

[0007] The inventors have eXamined Whether the extra 
cellular signalling factors that operate along the rostrocaudal 
and dorsoventral aXes of the neural tube, and Which specify 
motor neuron fate in vivo, can be harnessed in vitro to direct 
the differentiation of mouse ES cells into functional spinal 
motor neurons. As disclosed herein, the inventors have 
determined that the eXposure of neuraliZed ES cells to RA 
induces the differentiation of spinal progenitor cells, and that 
the activation of Hedgehog (Hh) signalling directs these 
cells to generate motor neurons. The inventors have also 
shoWn that the intrinsic molecular pathWay of motor neuron 
differentiation triggered by Hh signalling mimics that 
involved in motor neuron generation in vivo. The use of a 
GFP-based motor neuron marking method permitted the 
characteriZation of pure populations of ES-cell-derived 
motor neurons. Such motor neurons can repopulate the 

embryonic spinal cord in vivo, eXtend aXons into the periph 
ery, and undergo synaptic differentiation at sites of contact 
With skeletal muscles. Thus, normal pathWays of neurogen 
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esis can be subverted in a rational manner to direct ES cells 
into speci?c subclasses of CNS neurons. 

[0008] Accordingly, the present invention provides a 
method for inducing differentiation of an embryonic stem 
cell into a differentiated neural cell, by contacting the 
embryonic stem cell With amounts of a rostraliZing and/or 
caudaliZing embryonic signalling factor and a dorsaliZing or 
ventraliZing embryonic signalling factor effective to produce 
a differentiated neural cell. Also provided is a differentiated 
neural cell produced by this method. 

[0009] The present invention also provides a method for 
producing differentiated neural cells by: (a) obtaining or 
generating a culture of embryonic stem cells; (b) contacting 
the culture of embryonic stem cells With an amount of a 
rostraliZing and/or caudaliZing embryonic signalling factor 
effective to produce neural progenitor cells; (c) contacting 
the neural progenitor cells With an amount of a dorsaliZing 
or ventraliZing embryonic signalling factor effective to pro 
duce differentiated neural cells; and (d) optionally, contact 
ing the differentiated neural cells With at least one neu 
rotrophic factor. Also provided is a population of cells, 
comprising the differentiated neural cells produced by this 
method. 

[0010] The present invention further provides a method 
for repopulating a spinal cord in a subject by: (a) obtaining 
or generating a culture of embryonic stem cells; (b) con 
tacting the culture of embryonic stem cells With an amount 
of a rostraliZing and/or caudaliZing embryonic signalling 
factor effective to produce neural progenitor cells; (c) con 
tacting the neural progenitor cells With an amount of a 
dorsaliZing or ventraliZing embryonic signalling factor 
effective to produce differentiated neural cells; (d) option 
ally, contacting the differentiated neural cells With at least 
one neurotrophic factor; and (e) transplanting the differen 
tiated neural cells into a spinal cord of the subject. 

[0011] The present invention is also directed to a method 
for treating nervous tissue degeneration in a subject in need 
of treatment by: (a) obtaining or generating a culture of 
embryonic stem cells; (b) contacting the culture of embry 
onic stem cells With an amount of a rostraliZing and/or 
caudaliZing embryonic signalling factor effective to produce 
neural progenitor cells; (c) contacting the neural progenitor 
cells With an amount of a dorsaliZing or ventraliZing embry 
onic signalling factor effective to produce differentiated 
neural cells; (d) optionally, contacting the differentiated 
neural cells With at least one neurotrophic factor; and (e) 
transplanting the differentiated neural cells into the subject 
in an amount effective to treat the nervous tissue degenera 
tion. 

[0012] Additionally, the present invention provides neural 
progenitor cells produced by: (a) obtaining or generating a 
culture of embryonic stem cells; (b) contacting the culture of 
embryonic stem cells With an amount of a rostraliZing and/or 
caudaliZing embryonic signalling factor effective to produce 
neural progenitor cells; and (c) optionally, contacting the 
neural progenitor cells With a dorsaliZing or ventraliZing 
embryonic signalling factor. Also provided is a use of these 
neural progenitor cells in analyZing neuron development, 
function, and death, or in monitoring synaptic differentia 
tion. 

[0013] The present invention further provides differenti 
ated neural cells produced by: (a) obtaining or generating a 
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culture of embryonic stem cells; (b) contacting the culture of 
embryonic stem cells With an amount of a rostraliZing and/or 
caudaliZing embryonic signalling factor effective to produce 
neural progenitor cells; (c) contacting the neural progenitor 
cells With an amount of a dorsaliZing or ventraliZing embry 
onic signalling factor effective to produce differentiated 
neural cells; and (d) optionally, contacting the differentiated 
neural cells With at least one neurotrophic factor. Also 
provided are a transgenic non-human animal containing 
these differentiated neural cells and a use of these differen 
tiated neural cells in analyZing neuron development, func 
tion, and death, or in monitoring synaptic differentiation. 

[0014] The present invention is also directed to a method 
for isolating and/or purifying a population of differentiated 
neural cells by: (a) obtaining or generating a culture of 
embryonic stem cells that express enhanced green ?uores 
cent protein (eGFP); (b) contacting the culture of embryonic 
stem cells With an amount of a rostraliZing and/or caudal 
iZing embryonic signalling factor effective to produce neural 
progenitor cells that express eGFP; (c) contacting the neural 
progenitor cells With an amount of a dorsaliZing or ventral 
iZing embryonic signalling factor effective to produce dif 
ferentiated neural cells that express eGFP; (d) optionally, 
contacting the differentiated neural cells With at least one 
neurotrophic factor; (e) detecting expression of eGFP in the 
differentiated neural cells; and isolating the differentiated 
neural cells that express eGFP. 

[0015] Finally, the present invention provides a method 
for identifying an agent for use in treating a condition 
associated With neuron degeneration by: (a) obtaining or 
generating a culture of embryonic stem cells; (b) contacting 
the culture of embryonic stem cells With an amount of 
retinoic acid effective to produce neural progenitor cells; (c) 
activating a Hedgehog signalling pathWay in the neural 
progenitor cells, to produce neurons, Wherein some or all of 
the neurons are degenerated; (d) contacting the degenerated 
neurons With a candidate agent; and (e) determining if the 
agent enhances regeneration of some or all of the degener 
ated neurons. 

[0016] Additional aspects of the present invention Will be 
apparent in vieW of the description Which folloWs. 

BRIEF DESCRIPTION OF THE FIGURES 

[0017] FIG. 1 demonstrates that retinoic acid induces 
caudal positional identity in neuraliZed embryoid bodies. 
(A) Progressive steps in the speci?cation of spinal motor 
neuron identity. Neural inductive signals convert primitive 
ectodermal cells to a neural fate. During the initial phases of 
neural induction, progenitor cells express an anterior iden 
tity. Extrinsic signals, including retinoic acid (RA), convert 
rostral neural plate cells to progressively-more-caudal iden 
tities. Caudal neural progenitors are converted to motor 
neurons under the in?uence of Sonic Hedgehog (SHh) 
signalling. (B) Expression of pan-neural and rostrocaudal 
markers in embryoid bodies (EBs) groWn in the presence or 
absence of RA (2 nM). The expression of early neural plate 
marker, Sox1, Was increased in EBs cultured for 3 days in 
the presence of RA. Otx2 expression Was present in EBs 
groWn in the absence of RA for 3 days, but Was extinguished 
in the presence of RA. Hoxc6 Was expressed in EBs exposed 
to RA for 5 days. Large numbers of post-mitotic neurons, 
marked by NeuN expression, Were observed When EBs Were 
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groWn for 5 days in the presence of RA. (C) ES cells 
cultured on PA6 cells for 6 days expressed neuronal marker, 
Soxl. Many Sox1+ cells coexpressed En1, but did not 
express Hoxc6. Many TuJl+ neurons coexpressed Otx2. 
Addition of RA (2 pM) to ES cells groWn on PA6 cells 
resulted in the extinction of En1 and Otx2 expression, and 
the expression of Hoxc6 in progenitor cells and TuJl+ 
post-mitotic neurons. Many of these neurons expressed 
HB9, and, therefore, Were motor neurons (see FIG. 9). 

[0018] FIG. 2 illustrates Hedgehog-dependent ventraliZa 
tion of neural progenitor cells in embryoid bodies (EBs). (A) 
Schematic outline of the SHh-activated transcriptional path 
Way of spinal motor neuron generation. The proteins that 
inhibit motor neuron generation are 1rx3 and Nkx2.2. The 
remaining proteins are required for motor neuron genera 
tion. (B) Patterns of expression of HD and bHLH transcrip 
tion factors in the caudal neural tube of E95 mouse 
embryos. The progenitor domain giving rise to motor neu 
rons Was marked by the coexpression of Olig2, Nkx6.1, and 
loW levels of Pax6. (C) Pro?le of transcription factor expres 
sion in ES-cell-derived EBs groWn for 3 days, either in the 
presence of RA (2 pM) alone or With 10 nM or 1 pM 
Hh-Ag1.3. (D) Quanti?cation of transcription factor expres 
sion in EBs in the presence of RA and different concentra 
tions of Hh-Ag1.3. Depicted are mean:s.e.m. values, per 
section, from 8 EBs assayed for each condition. 

[0019] FIG. 3 depicts expression of motor neuron and 
interneuron transcription factors in embryoid bodies (EBs). 
(A) Coexpression of HB9 and Lhx3 de?ned neWly-gener 
ated motor neurons. Lhx3 alone Was expressed by V2 
interneurons. Coexpression of HB9 and Isl1 de?ned subsets 
of motor neurons. Some lateral motor column (LMC) neu 
rons expressed high levels of HB9 in the absence of Isl1; in 
contrast, other LMC neurons expressed Isl1, but only 
expressed HB9 at very loW levels. Isl1 Was also expressed 
by some dorsal interneurons. Coexpression of HB9 and 
Liml de?ned lateral LMC neurons. Many interneurons also 
expressed Liml. (B) EBs groWn for 5 days in the presence 
of Hh-Ag1.3 (1 pM), but not RA, did not contain HB9+ 
neurons. EBs groWn for 5 days in the presence of RA (2 MM), 
but not Hh-Ag1.3, contained a small number of HB9+ 
neurons. EBs groWn for 5 days in the presence of RA and 
anti-Hh antibody (mAb 5E1; 30 pig/ml) did not contain 
HB9+ neurons. EBs groWn for 5 days in the presence of RA 
and recombinant SHh-N (300 nM) contained many HB9+ 
neurons. (C) Coexpression of HB9 and NeuN in neurons in 
EBs groWn for 5 days in the presence of RA and Hh-Ag1.3 
(1 pM). (D) LocaliZation of HB9 in the nucleus of a TuJ 1+ 
neuron, obtained by dissociation of EBs groWn for 5 days in 
the presence of RA, and cultured for a further 2 days. Other 

neurons that lacked HB9 expression Were also present. Coexpression of HB9 and Lhx3 in neurons in EBs groWn for 

5 days in the presence of RA and Hh-Ag1.3 (1 pM). Cells 
that expressed Lhx3 alone Were V2 interneurons. Coex 
pression of HB9 and Isl1 in motor neurons in EBs groWn for 
5 days in the presence of RA and Hh-Ag1.3 (1 pM). (G) HB9 
and Liml Were coexpressed in a small number of neurons in 
EBs groWn for 5 days in the presence of RA and Hh-Ag1.3 
(1 pM). Cells that expressed Liml alone Were interneurons. 
(H) Coexpression of Chx10 and Lhx3 in V2 interneurons in 
EBs groWn for 5 days in the presence of RA and Hh-Ag1.3 
(1 pM). 
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[0020] FIG. 4 illustrates eGFP-labeled motor neurons in 
the spinal cords of transgenic mouse embryos. (A) Construct 
for generation of mHB9-Gfp1b transgenic mouse line. (B) 
The pattern of enhanced green ?uorescent protein (eGFP) 
expression in an E105 mHB9-Gfp1b mouse embryo. eGFP 
Was highly expressed in the ventral spinal cord and in motor 
nerves extending from the spinal cord. (C) eGFP expression 
Was detected in motor neuron cell bodies and dendrites in the 
ventral horn of E105 mHB9-Gfp1b embryos. eGFP expres 
sion Was also detected in motor neuron axons exiting the 
spinal cord via the ventral root. In this line, at E105, but not 
later, very loW expression Was detected in dorsal root 
ganglion neurons (<20-fold that in motor neurons) and a 
subset of ventral interneurons (arroWs in FIGS. 4C and 4E). 
(D) The pattern of HB9 and eGFP expression in forelimb 
level spinal cord of mHB9-Gfp1b embryos at the time When 
?rst post-mitotic motor neurons Were generated (E95). 
eGFP expression mimicked that of HB9 in motor neuron cell 
bodies. (E-G) The pattern of HB9 and eGFP expression in 
thoracic spinal cord of E105 mHB9-Gfp1b embryos. eGFP 
Was coexpressed With HB9 in motor neurons. Note that 
neWly-post-mitotic motor neurons located close to the ven 
tricular Zone expressed loWer levels of eGFP than did more 
mature motor neurons in lateral regions of the spinal cord. 

[0021] FIG. 5 depicts eGFP-labeled motor neurons 
derived in vitro from HBG ES cells. (A) HB9", Isl1+ motor 
neurons in embryoid bodies (EBs) groWn for 5 days, in the 
presence of RA, expressed eGFP in cell bodies and axons. 
(B) The number of eGFP+ motor neurons increased upon 
exposure to Hh-Ag1.3 (1 pM). (C) Quanti?cation of eGFP+ 
motor neurons in EBs groWn for 5 days in the presence of 
RA and increasing concentrations of Hh-Ag1.3 (0 to 2.2 
pM). At 2.2 pM Hh-Ag1.3, 22.5% of cells in EBs expressed 
eGFP. At higher concentrations (10 pM), Hh-Ag1.3 became 
toxic for cells differentiating in EBs. The data point marked 
as “—1000” refers to a culture of EBs groWn in the presence 
of 1 pM Hh-Ag1.3, but in the absence of RA. (D) Bright 
?eld and ?uorescence images shoWing eGFP expression in 
EBs groWn for 5 days in the presence of RA and Hh-Ag1.3 
(1 pM). Phase and ?uorescence images shoWing eGFP 
expression in embryoid bodies groWn for 5 days in the 
presence of RA and Hh-Ag1.3 (1 MM), and plated on a 
matrigel substrate for a further 2 days. Many eGFP+ motor 
axons emerged from these aggregates. Phase and ?uo 
rescence images shoWing that eGFP labels neurites extend 
ing from motor neurons. (G, H) Coexpression of HB9, 
eGFP, and choline acetyltransferase (ChAT) in ES-cell 
derived motor neurons groWn in vitro for 7 days. ChAT+ 
neurons that lacked HB9 and eGFP expression Were prob 
ably interneurons. 
[0022] FIG. 6 illustrates isolation of eGFP+ HBG3 ES 
cell-derived motor neurons. (A) FACS analysis (cell-density 
plots) of HBG3 ES cells differentiated either in the presence 
of Hh-Ag1.3 (1 pM) alone, RA (2 pM) alone, or a combi 
nation of the tWo factors. The gate used for sorting motor 
neurons expressing high levels of eGFP is marked by a 
dashed rectangle. (B, C) Puri?ed ES-cell-derived motor 
neurons, isolated by FACS sorting, expressed high levels of 
eGFP. (D, E) eGFP+ neurons coexpressed HB9, and 
extended neurites When groWn on a matrigel substrate for 24 
h. (F, G) FACS-sorted ES-cell-derived motor neurons cul 
tured in the presence of neurotrophic factors (NT3, BDNF, 
CNTF, and GDNF) survived for 3 days in vitro, and elabo 
rated processes Surviving motor neurons maintained 
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expression of eGFP (H, I) Most FACS-sorted ES-cell 
derived motor neurons cultured in the absence of neu 
rotrophic factors died Within the ?rst 3 days in vitro. (J, K) 
FACS-sorted primary rostral cervical motor neurons 
behaved in a manner similar to that of ES-cell-derived motor 
neurons. In the presence of neurotrophic factors, neurons 
survived and elaborated eGFP+ processes. (L) Quanti?ca 
tion of primary cervical motor neuron (cMN) and ES-cell 
derived motor neuron (ES-MN) survival (percentage of 
plated cells) after 3 days in culture in the presence (NT) or 
absence (control) of neurotrophic factors. mean:s.e.m.; 6 
Wells scored 

[0023] FIG. 7 depicts integration of transplanted ES-cell 
derived motor neurons in vivo. (A) Schematic diagram 
shoWing implantation of HBG3 ES-cell-derived motor-neu 
ron-enriched EBs into Hamburger-Hamilton stage 15 
chick spinal cord. Spinal cord of the recipient chick embryo 
Was suction-lesioned, and approximately 1/z-1 partially tritu 
rated EB Was implanted into the ensuing space using a glass 
micropipette. (B) Bright-?eld/?uorescence image shoWing 
the position of eGFP+ motor neurons (motor-neuron-en 
riched EBs Were transplanted at HH stage 17) in the thoracic 
and lumbar spinal cord of a host chick embryo at HH stage 
27 (ventral vieW). Note eGFP+ axons emerging from the 
spinal cord. (C, D) Position of FACS-sorted motor neurons 
(transplanted into an HH stage 16 embryo) in thoracic spinal 
cord at stage 27. Transverse section revealed eGFP+ motor 
neurons in the ventral spinal cord (E-J) Transverse 
sections, through HH stage 27 chick spinal cord at rostral 
cervical level, after unilateral transplant of motor-neuron 
enriched EBs at stage 15. Motor neurons Were found pri 
marily in the ventral horn of the spinal cord, segregated from 
transplanted interneurons labeled by mouse-speci?c Lim2 
antibodies Many ES-cell-derived motor neurons coex 
pressed eGFP and Lhx3 Transplanted mouse ES-cell 
derived motor neurons (G) and axons (arroW, H) Were 
labeled by rodent-speci?c NCAM antibody, but they did not 
express the chick motor neuron marker protein, SC1 (I, J). 
Note that eGFP', NCAM+ axons crossed the ?oor plate, but 
did not project out of the spinal cord (arroWs, G, (K-N) 
Transverse sections of thoracic spinal cord at HH stage 27, 
Which had received transplants of caudaliZed EBs (groWn in 
the presence of RA (2 pM) and anti-Hh antibody (5E1, 30 
pg/ml)), at HH stage 16. No mouse-derived motor neurons 
Were detected, either by eGFP expression or by mouse 
speci?c HB9 antibodies In contrast, many mouse 
derived NCAM+ (M) and Lim2+ (N) neurons Were present. 
(O-Q) Transverse sections, through HH stage 27 chick 
spinal cord at thoracic (O, P) or lumbar (Q) levels, Which 
had received transplants of motor-neuron-enriched EBs at 
HH stage 16-17. eGFP+ motor neuron cell bodies Were 
concentrated in the ventral spinal cord. Some ectopic eGFP+ 
motor neurons in grafted tissue remained trapped Within the 
lumen of the spinal cord. eGFP+ axons exited the spinal 
cord, primarily via the ventral root, and projected along all 
major nerve branches that supply axial (O-Q), body Wall (O, 
P), and dorsal and ventral limb (Q) muscle targets. The 
pathWay of all peripheral axons Was detected by neuro?la 
ment (NF) expression. Note the absence of eGFP+ axons in 
the ventromedially-oriented nerves occupied by pregangli 
onic motor axons. 

[0024] FIG. 8 illustrates synaptic differentiation of ES 
cell-derived motor neurons in vivo. (A) Wholemount prepa 
ration of HH stage 35 chick embryonic rib cage. ES-cell 
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derived eGFP+ axons innervated intercostal muscles. (B, C) 
Coexpression of synaptobrevin (Syb) and vesicular ACh 
transporter (VAChT) in the terminals of eGFP+ axons at the 
site of nerve contact With muscle. The anti-Syb and VAChT 
antibodies recognized mouse proteins, but not chick pro 
teins. (D) Expression of neuro?lament (NF) and eGFP in 
?ne nerve branches that supply the intercostal muscles. Note 
that some eGFP+ axons lacked NF expression. The terminals 
of eGFP+ axons coincided With ACh receptor clusters, as 
de?ned by ot-bungarotoxin (otBTX) expression. Coinci 
dence of synaptotagmin expression and otBTX labeling at 
the terminals of eGFP+ motor axons. Coincidence of Syb 
expression and (XBTX labeling at the terminals of eGFP+ 
motor axons. 

[0025] FIG. 9 shoWs that caudaliZed ES cells groWn on 
PA6 cells differentiate into motor neurons. (A, B) ES cells 
groWn on PA6 cells for 10 days did not differentiate into 
HB9+ motor neurons Addition of 2 pM RA to the 
culture medium on day 2 resulted in the generation of a large 
number of HB9+ motor neurons, as Well as Olig2-expressing 
progenitors (C) Quanti?cation of motor-neuron-con 
taining ES cell colonies groWn on PA6 cells for 10 days in 
the absence or presence of 2 pM RA. mean:s.d.; 3 Wells 

[0026] FIG. 10 shoWs that motor neuron progenitors in 
EBs incorporate BrdU. (A-C) BrdU labeling (20 pig/ml) for 
1 h before ?xation revealed large numbers of BrdU", Olig2+ 
progenitors in EBs groWn for 3 days in the presence of RA 
and Hh-Ag1.3. HB9+ motor neurons in EBs groWn for 5 
days did not incorporate BrdU (B), but a small number of 
BrdU", Olig2+ progenitors Were still present 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0027] During development, neural cells are generated 
from embryonic stem cells through a series of developmen 
tal steps involving the regulation of signalling factors that 
impart to the stem cells a particular directional or positional 
character. Initially, ectodermal cells may acquire a rostral or 
caudal neural character, and differentiate into rostral or 
caudal neural progenitor cells, through the regulation of 
rostraliZing and/or caudaliZing embryonic signalling factors. 
Thereafter, the neural progenitor cells may differentiate 
further, acquiring the identity of a subtype of progenitor 
cells, or becoming a fully-differentiated neural cell, in 
response to the action of dorsaliZing and/or ventraliZing 
embryonic signalling factors. 

[0028] For example, a motor neuron may develop from an 
ES cell in response to a variety of signalling factors. Initially, 
the regulation of BMP, FGF, and Wnt signalling Will cause 
ectodermal cells to acquire a rostral neural character. The 
resulting rostral neural progenitors then acquire a spinal 
positional identity in response to caudaliZing signals that 
include retinoic acid (RA). The speci?cation of motor neu 
ron progenitor identity by SHh signalling is mediated 
through the establishment of a dorsoventral pattern of 
expression of homeodomain (HD) and basic helix-loop 
helix (bHLH) transcription factors. At a relatively high level 
of SHh signalling, a discrete progenitor domain—termed the 
pMN domain—is established. Within this domain, cells 
appear committed to the generation of motor neurons, rather 
than interneurons. Progenitor cells in the pMN domain are 
characteriZed by the expression of tWo HD proteins, Pax6 
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and Nkx6.1, and a bHLH protein, Olig2. Each of these three 
transcription factors has an essential role in the speci?cation 
of spinal motor neuron identity. Moreover, their combined 
activities drive motor neuron progenitors out of the cell 
cycle, and direct the expression of doWnstream transcription 
factors (notably the HD protein, HB9) that consolidate the 
identity of post-mitotic motor neurons. 

[0029] Spinal motor neurons play an essential role in the 
control of motor behavior, and their degeneration underlies 
many neurological disorders. Inductive signals and tran 
scription factors involved in motor-neuron generation have 
been identi?ed, suggesting that insights into normal devel 
opment can be used to direct stem cells to a motor neuron 
fate in a rational manner. The inventors demonstrate herein 
that mouse embryonic stem (ES) cells can be induced by 
extrinsic signalling factors to differentiate initially into spi 
nal progenitor cells, and subsequently into spinal motor 
neurons. The molecular pathWay of motor neuron generation 
from ES-cell-derived neural progenitors recapitulates that 
deployed in vivo. ES-cell-derived motor neurons introduced 
into the embryonic spinal cord populate the ventral horn, 
extend axons into the periphery, and undergo synaptic 
differentiation at sites of contact With target skeletal 
muscles. Thus, inductive signals involved in normal path 
Ways of neurogenesis can direct ES cells to form speci?c 
classes of CNS neurons. 

[0030] Accordingly, the present invention provides a 
method for inducing differentiation of an embryonic stem 
cell into a differentiated neural cell, and a differentiated 
neural cell produced by this method. As used herein, the 
term “inducing differentiation of an embryonic stem cell” 
means activating, initiating, or stimulating an embryonic 
stem cell to undergo differentiation—the cellular process by 
Which cells become structurally and functionally specialiZed 
during development. Embryonic stem (ES) cells are cultured 
cells, derived from the pluripotent inner cell mass of blas 
tocyst stage embryos, that are capable of replicating inde? 
nitely. In general, ES cells have the potential to differentiate 
into other cells (i.e., they are pluripotent); thus, they may 
serve as a continuous source of neW cells. The embryonic 
stem cell of the present invention may be obtained from any 
animal, but is preferably obtained from a mammal (e.g., 
human, domestic animal, or commercial animal). In one 
embodiment of the present invention, the embryonic stem 
cell is a murine embryonic stem cell. In another, preferred, 
embodiment, the embryonic stem cell is obtained from a 
human. 

[0031] As further used herein, a “differentiated neural 
cell” is a partially-differentiated or fully-differentiated cell 
of the central nervous system (CNS) or peripheral nervous 
system (PNS), and includes, Without limitation, a fully 
differentiated ganglion cell, glial (or neuroglial) cell (e.g., an 
astrocyte, oligodendrocyte, or SchWann cell), granule cell, 
neuronal cell (or neuron), and stellate cell, as Well as any 
neural progenitor cells thereof. Progenitor cells are parent 
cells Which, during development and differentiation, give 
rise to a distinct cell lineage by a series of cell divisions. 
Neural progenitor cells, for example, are committed to a cell 
lineage that Will develop, eventually, into fully-differenti 
ated neural cells of the CNS or PNS; hoWever, such neural 
progenitor cells may not yet be dedicated to a particular 
type, or subclass, of neural cell. Initially, neural progenitor 
cells may acquire a rostral character (e.g., rostral neural 
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progenitor cells), followed by a positional identity (e.g., 
cerebellar progenitor cells, cerebral progenitor cells, or 
spinal progenitor cells). Such partially-differentiated neural 
progenitor cells may become committed to a cell line that 
Will differentiate into a speci?c type of neural cell (e.g., 
progenitor cells of astrocytes, ganglion cells, granule cells, 
neurons, oligodendrocytes, SchWann cells, or stellate cells), 
and, thereafter, give rise to fully-differentiated neural cells 
(e.g., astrocyte, ganglion cells, granule cells, neurons (e.g., 
dorsal root ganglion (DRG) neurons, motor neurons, periph 
eral neurons, spinal cord neurons, or ventral interneurons), 
oligodendrocytes, SchWann cells, or stellate cells). Accord 
ingly, the partially-differentiated neural cell of the present 
invention may be a cell, With a neural identity, that has 
acquired a directional or positional character, or that has 
committed to developing into a particular class of neural 
cell, but is not a fully-differentiated neural cell. 

[0032] Additionally, as used herein, a “neuronal cell”, or 
“neuron”, is a conducting or nerve cell of the nervous system 
that typically consists of a cell body (perikaryon) that 
contains the nucleus and surrounding cytoplasm; several 
short, radiating processes (dendrites); and one long process 
(the axon), Which terminates in tWig-like branches (teloden 
drons), and Which may have branches (collaterals) project 
ing along its course. Examples of neurons include, Without 
limitation, neurons of the dorsal root ganglia (DRG), motor 
neurons, peripheral neurons, sensory neurons, neurons of the 
spinal cord, and ventral interneurons, all of Which may be 
cholinergic, dopaminergic, or serotonergic. 

[0033] Differentiation of ES cells into partially- or fully 
differentiated neural cells may be detected by knoWn cellular 
or molecular procedures, and assays and methods disclosed 
herein. In one embodiment of the present invention, the 
differentiated neural cell is a motor neuron (e.g., a post 
mitotic motor neuron or a spinal motor neuron). In another 
embodiment of the present invention, the differentiated 
neural cell is genetically marked, in that it expresses 
enhanced green ?uorescent protein (eGFP), as described 
herein. The eGFP genetic marker may be particularly useful 
in a method for isolating and/or purifying a population of 
differentiated neural cells, or in a method for monitoring 
repopulation of a spinal cord, as described beloW. 

[0034] The method of the present invention comprises 
contacting an embryonic stem cell With a rostraliZing or 
caudaliZing embryonic signalling factor, and a dorsaliZing or 
ventraliZing embryonic signalling factor, in amounts effec 
tive to produce a differentiated neural cell. As used herein, 
a “factor” shall include a protein, polypeptide, peptide, 
nucleic acid (including DNA or RNA), antibody, Fab frag 
ment, F(ab‘)2 fragment, molecule, compound, antibiotic, 
drug, and any combinations thereof. A Fab fragment is a 
univalent antigen-binding fragment of an antibody, Which is 
produced by papain digestion. A F(ab‘)2 fragment is a 
divalent antigen-binding fragment of an antibody, Which is 
produced by pepsin digestion. 

[0035] As further used herein, an “embryonic signalling 
factor” is a factor that carries information (a signal) to cells 
in an embryo during the course of development and differ 
entiation. Such information, for example, may relate to the 
direction or position of cells in an embryo, and may deter 
mine the path of differentiation that Will be folloWed by 
those cells that receive the information. The embryonic 
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signalling factor of the present invention may be, for 
example, a morphogenic agent or a neural factor. Examples 
of embryonic signalling factors for use in the present inven 
tion, include, Without limitation, retinoic acid (RA), bone 
morphogenic proteins (BMPs) (e.g., BMPl through to 
BMP7, including BMP2 and BMP4), ?broblast groWth 
factors (FGFs) (e.g., alpha FGF, FGF8, FGF10, HBGFl, 
basic FGF, beta FGF, and HBGF), a Wnt (e.g., WntSa), 
Hedgehog proteins (e.g., Sonic Hedgehog (SHh) and Indian 
Hedgehog (IHh)), agonists of Hedgehog signalling (e.g., 
Hh-Ag1.3), and other activators of a Hedgehog signalling 
pathWay. 
[0036] Additionally, as used herein, the term “rostraliZing 
embryonic signalling factor” refers to a factor that induces, 
or contributes to, development in the direction of the top, or 
superior position, of an object or subject. Contrastingly, a 
“caudaliZing embryonic signalling factor” is a factor that 
induces, or contributes to, development in the direction of 
the bottom, tail, or inferior position of an object or subject. 
Embryonic signalling factors that contribute to the assign 
ment of rostrocaudal identity may result in the differentia 
tion of ES cells into neural progenitor cells. Examples of 
rostraliZing and caudaliZing embryonic signalling factors for 
use in the present invention, include, Without limitation, RA, 
BMP, FGF, and Wnt. RA is knoWn to play a role in assigning 
rostrocaudal identity during development. Recently, it has 
been shoWn that Wnt signalling also plays a role in assigning 
rostrocaudal identity (Nordstrom et al., Progressive induc 
tion of caudal neural character by graded Wnt signaling. Nat. 
Neurosci., 5(6):525-32, 2002). Thus, in one embodiment of 
the present invention, the rostraliZing embryonic signalling 
factor is RA or Wnt. In another embodiment of the inven 
tion, the caudaliZing embryonic signalling factor is RA or 
Wnt. 

[0037] The term “dorsaliZing embryonic signalling fac 
tor”, as used herein, refers to a factor that induces, or 
contributes to, development in the direction of the back or 
posterior position of an object or subject. The term “ven 
traliZing embryonic signalling factor”, as used herein, is a 
protein or other agent that induces, or contributes to, devel 
opment in the direction of the front or anterior position of an 
object or subject. Embryonic signalling factors that contrib 
ute to the assignment of dorsoventral identity may result in 
the differentiation of ES cells into neural progenitor cells or 
into fully-differentiated neural cells. Examples of dorsaliZ 
ing and ventraliZing embryonic signalling factors for use in 
the present invention include, Without limitation, BMP, Wnt, 
Hedgehog proteins, agonists of Hedgehog signalling, and 
other activators of a Hedgehog signalling pathWay. SHh 
signalling, for example, is knoWn to provide spinal progeni 
tor cells With the identity of motor neuron progenitor cells. 

[0038] In one embodiment of the present invention, the 
dorsaliZing embryonic signalling factor is BMP or Wnt. In 
another embodiment of the present invention, the ventraliZ 
ing embryonic signalling factor is an activator of a Hedge 
hog signalling pathWay. As used herein, “Hedgehog signal 
ling” refers to biochemical signalling of any member of the 
Hedgehog family of proteins (e.g., Sonic Hedgehog (SHh) 
and Indian Hedgehog (IHh)), particularly signalling that 
relates to direction or position of cells in an embryo during 
development and differentiation. An “activator” of a Hedge 
hog signalling pathWay includes a factor that effects or 
produces Hedgehog signalling, and a factor that induces, 
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initiates, or stimulates Hedgehog signalling in the Hedgehog 
protein pathway. By Way of example, the activator of 
Hedgehog signalling may be a Hedgehog protein (e.g., SHh 
or IHh) or an agonist of Hedgehog signalling (e.g., Hh 
Ag1.3). An “agonist” of Hedgehog signalling, as used 
herein, is a factor that has affinity for, and stimulates 
physiologic activity at, cell receptors normally stimulated by 
naturally-occurring substances, such that Hedgehog signal 
ling in the cell is initiated, stimulated, or induced. 

[0039] The embryonic signalling factors, BMP, FGF, Wnt, 
SHh, and IHh, are proteins. As used herein, “BMP” includes 
both a BMP protein and a BMP analogue; “FGF” includes 
both an FGF protein and an FGF analogue; “Wnt” includes 
both a Wnt protein and a Wnt analogue; “SHh” includes 
both an SHh protein and an SHh analogue; and “IHh” 
includes both an IHh protein and an IHh analogue. Unless 
otherWise indicated, “protein” shall include a protein, pro 
tein domain, polypeptide, or peptide. A particular protein’s 
“analogue”, as used herein, is a functional variant of the 
protein, having that protein’s biological activity and 60% or 
greater (preferably, 70% or greater) amino-acid-sequence 
homology With the protein. An “analogue” includes a variant 
of the protein that has a homologous three-dimensional 
conformation. As further used herein, the term “biological 
activity” refers to the signalling activity of the BMP, FGF, 
Wnt, SHh, or IHh protein during development and differ 
entiation, as described beloW. 

[0040] Additionally, as used herein, “conservative substi 
tutions” are those amino acid substitutions Which are func 
tionally equivalent to the substituted amino acid residue, 
either because they have similar polarity or steric arrange 
ment, or because they belong to the same class as the 
substituted residue (e.g., hydrophobic, acidic, or basic). The 
term “conservative substitutions”, as de?ned herein, 
includes substitutions having an inconsequential effect on 
the ability of a protein of the present invention to effect 
signalling during development and differentiation. 

[0041] As discussed herein, BMP, FGF, Wnt, SHh, and 
IHh are proteins. In contrast, RA, or vitamin A, is an 
aldehyde molecule that is believed to be a morphogen. RA 
is readily. available; it may be obtained, for example, from 
Sigma Chemical Co. (St. Louis, M0). The other factors of 
the present invention may be produced synthetically or 
recombinantly, or isolated from native cells. Preferably, 
proteins are produced recombinantly, using conventional 
techniques and cDNA encoding the proteins. SHh and IHh 
(as Well as Hh-Ag1.3) also may be obtained from Curis, Inc. 
(Cambridge, Mass.). 
[0042] The method of the present invention comprises 
contacting an embryonic stem cell With a rostraliZing and/or 
caudaliZing embryonic signalling factor and a dorsaliZing or 
ventraliZing embryonic signalling factor. The embryonic 
signalling factors are provided in amounts effective to 
produce a differentiated neural cell. These amounts may be 
readily determined by the skilled artisan, based upon knoWn 
procedures and methods disclosed herein. In a preferred 
embodiment of the present invention, the embryonic stem 
cell is contacted With the rostraliZing and/or caudaliZing 
embryonic signalling factor prior to contact With the dor 
saliZing or ventraliZing embryonic signalling factor. 

[0043] The inventors have demonstrated herein that neu 
rons cultured in the presence of neurotrophic factors survive 
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and elaborate processes. Accordingly, in another embodi 
ment, the method of the present invention further comprises 
the step of contacting the embryonic stem cell With at least 
one neurotrophic factor, folloWing contact With the dorsal 
iZing or ventraliZing embryonic signalling factor. As used 
herein, a “neurotrophic factor” is a factor involved in the 
nutrition or maintenance of neural tissue. Neurotrophic 
factors, may further the development and differentiation of 
committed neural progenitor cells, or they may induce or 
enhance the groWth and survival of differentiated neural 
cells. A classic example of a neurotrophic factor is NGF 
(nerve groWth factor). Other examples of neurotrophic fac 
tors for use in the present invention include, Without limi 
tation, GDNF, NGF, NT3, CNTF, and BDNF. These factors 
may be obtained from R&D Systems, Inc. (Minneapolis, 
Minn.). The neurotrophic factors of the present invention are 
provided in amounts effective to produce a fully-differenti 
ated neural cell of the CNS or PNS (e.g., a neuron). This 
amount may be readily determined by the skilled artisan, 
based upon knoWn procedures and methods disclosed 
herein. 

[0044] In the method of the present invention, embryonic 
stem (ES) cells may be contacted With effective amounts of 
embryonic signalling factors in vitro, or in vivo in a subject. 
The embryonic signalling factors may be contacted With an 
ES cell by introducing the factors into the cell. Where 
contacting is effected in vitro, the factors may be added 
directly to the culture medium, as described herein. Alter 
natively, the factors may be contacted With an ES cell in vivo 
in a subject by introducing the factors into the subject (e.g., 
by introducing the factors into cells of the subject), or by 
administering the factors to the subject. The subject may be 
any embryonic or developed animal, but is preferably a 
mammal (e.g., a human, domestic animal, or commercial 
animal). More preferably, the subject is a human. Where the 
embryonic signalling factors are contacted With the ES cell 
in vivo, the subject is preferably an embryo. HoWever, it is 
Within the con?nes of the present invention for the ES cells 
to be transplanted into a fully-groWn human or animal 
subject, and for the embryonic signalling factors then to be 
administered to the human in order to effect differentiation 
of the ES cells into differentiated neural cells in vivo in the 
subject. 

[0045] The factors of the present invention may be con 
tacted With an ES cell, either in vitro or in vivo in a subject, 
by knoWn techniques used for the introduction and admin 
istration of proteins, nucleic acids, and other drugs, includ 
ing, for example, injection and transfusion. When target ES 
cells are localiZed to a particular portion of a subject, it may 
be desirable to introduce the factors directly to the ES cells, 
by injection or by some other means (e. g., by introducing the 
factors into the blood or another body ?uid). 

[0046] Where the embryonic signalling factor is a protein 
or other molecule, it may be introduced into an ES cell 
directly, in accordance With conventional techniques and 
methods disclosed herein. Additionally, a protein embryonic 
signalling factor may be introduced into an ES cell indi 
rectly, by introducing into the ES cell a nucleic acid encod 
ing the factor, in a manner permitting expression of the 
protein inhibitor. The factor may be introduced into ES cells, 
in vitro or in vivo, using conventional procedures knoWn in 
the art, including, Without limitation, electroporation, DEAE 
Dextran transfection, calcium phosphate transfection, mono 
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cationic liposome fusion, polycationic liposome fusion, pro 
toplast fusion, creation of an in vivo electrical ?eld, DNA 
coated microprojectile bombardment, injection With 
recombinant replication-defective viruses, homologous 
recombination, in vivo gene therapy, eX vivo gene therapy, 
viral vectors, and naked DNA transfer, or any combination 
thereof. Recombinant viral vectors suitable for gene therapy 
include, but are not limited to, vectors derived from the 
genomes of such viruses as retrovirus, HSV, adenovirus, 
adeno-associated virus, Semiliki Forest virus, cytomegalovi 
rus, and vaccinia virus. The amount of nucleic acid to be 
used is an amount sufficient to express an amount of protein 
factor effective to produce a differentiated neural cell. These 
amounts may be readily determined by the skilled artisan. It 
is also Within the con?nes of the present invention that a 
nucleic acid encoding a protein embryonic signalling factor 
may be introduced into suitable ES cells in vitro, using 
conventional procedures, to achieve expression of the pro 
tein factor in the ES cells. ES cells eXpressing protein 
embryonic signalling factor then may be introduced into a 
subject to produce a differentiated neural cell in vivo. 

[0047] In accordance With the method of the present 
invention, embryonic signalling factors may be administered 
to a human or animal subject by knoWn procedures, includ 
ing, Without limitation, oral administration, parenteral 
administration, and transdermal administration. Preferably, 
the factors are administered parenterally, by intracranial, 
intraspinal, intrathecal, or subcutaneous injection. The fac 
tors of the present invention also may be administered to a 
subject in accordance With any of the above-described 
methods for effecting in vivo contact betWeen ES cells and 
embryonic signalling factors. 

[0048] For oral administration, an embryonic signalling 
factor formulation may be presented as capsules, tablets, 
poWders, granules, or as a suspension. The formulation may 
have conventional additives, such as lactose, mannitol, corn 
starch, or potato starch. The formulation also may be pre 
sented With binders, such as crystalline cellulose, cellulose 
derivatives, acacia, corn starch, or gelatins. Additionally, the 
formulation may be presented With disintegrators, such as 
corn starch, potato starch, or sodium carboXymethylcellu 
lose. The formulation also may be presented With dibasic 
calcium phosphate anhydrous or sodium starch glycolate. 
Finally, the formulation may be presented With lubricants, 
such as talc or magnesium stearate. 

[0049] For parenteral administration (i.e., administration 
by injection through a route other than the alimentary canal), 
an embryonic signalling factor may be combined With a 
sterile aqueous solution that is preferably isotonic With the 
blood of the subject. Such a formulation may be prepared by 
dissolving a solid active ingredient in Water containing 
physiologically-compatible substances, such as sodium 
chloride, glycine, and the like, and having a buffered pH 
compatible With physiological conditions, so as to produce 
an aqueous solution, then rendering said solution sterile. The 
formulation may be presented in unit or multi-dose contain 
ers, such as sealed ampoules or vials. The formulation may 
be delivered by any mode of injection, including, Without 
limitation, epifascial, intracapsular, intracranial, intracuta 
neous, intrathecal, intramuscular, intraorbital, intraperito 
neal, intraspinal, intrasternal, intravascular, intravenous, 
parenchymatous, subcutaneous, or sublingual. 
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[0050] For transdermal administration, an embryonic sig 
nalling factor may be combined With skin penetration 
enhancers, such as propylene glycol, polyethylene glycol, 
isopropanol, ethanol, oleic acid, N-methylpyrrolidone, and 
the like, Which increase the permeability of the skin to the 
factor, and permit the factor to penetrate through the skin 
and into the bloodstream. The factor/enhancer compositions 
also may be further combined With a polymeric substance, 
such as ethylcellulose, hydroXypropyl cellulose, ethylene/ 
vinylacetate, polyvinyl pyrrolidone, and the like, to provide 
the composition in gel form, Which may be dissolved in 
solvent, such as methylene chloride, evaporated to the 
desired viscosity, and then applied to backing material to 
provide a patch. 

[0051] The present invention provides a method for induc 
ing differentiation of ES cells into differentiated neural cells 
(including spinal motor neurons), and for purifying and 
isolating the neural cells so generated using enhanced green 
?uorescent protein (eGFP) as a genetic marker. The method 
described herein for inducing differentiation of ES cells in 
vitro provides a source of neurons, or other neural cells of 
the CNS or PNS, that are available for transplant into a 
subject. Thus, this method is particularly useful for produc 
ing neural cells for use in treating conditions associated With 
nervous tissue degeneration. 

[0052] The term “nervous tissue”, as used herein, refers to 
tissue of the nervous system, Which includes the differenti 
ated neural cells of the present invention and progenitors 
thereof. As further used herein, “nervous tissue degenera 
tion” means a condition of deterioration of nervous tissue, 
Wherein the nervous tissue changes to a loWer or less 
functionally-active form. It is believed that, by inducing 
differentiation of ES cells (e.g., into spinal motor neurons), 
the method described herein Will be useful in repopulating 
various injured and/or degenerated nervous tissues (e.g., 
repopulation of a spinal cord) in a subject, through produc 
tion of differentiated neural cells and subsequent transplant 
thereof into a subject in need of such transplantation. 

[0053] Accordingly, the present invention provides a 
method for treating nervous tissue degeneration in a subject 
in need of treatment for nervous tissue degeneration, com 
prising inducing differentiation of ES cells into differenti 
ated neural cells, in accordance With the methods described 
herein, and transplanting the differentiated neural cells into 
the subject, thereby treating the nervous tissue degeneration. 
By Way of eXample, the method of the present invention may 
comprise the folloWing steps: (a) obtaining or generating a 
culture of embryonic stem cells; (b) contacting the culture of 
embryonic stem cells With a rostraliZing and/or caudaliZing 
embryonic signalling factor, in an amount effective to pro 
duce neural progenitor cells; (c) contacting the neural pro 
genitor cells With a dorsaliZing or ventraliZing embryonic 
signalling factor, in an amount effective to produce differ 
entiated neural cells; (d) optionally, contacting the subclass 
of neural progenitor cells With at least one neurotrophic 
factor; and (e) transplanting the differentiated neural cells 
into the subject, in an amount effective to treat the nervous 
tissue degeneration. In one embodiment of the invention, the 
subject is an embryo. In another embodiment of the inven 
tion, the subject is a human. Preferably, the subject has 
nervous tissue degeneration. 

[0054] Nervous tissue degeneration may arise in the cen 
tral nervous system (CNS) or peripheral nervous system 
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(PNS), and may be caused by, or associated With, a variety 
of disorders, conditions, and factors, including, Without 
limitation, primary neurologic conditions (e.g., neurodegen 
erative diseases), CNS and PNS traumas and injuries, and 
acquired secondary effects of non-neural dysfunction (e.g., 
neural loss secondary to degenerative, pathologic, or trau 
matic events). Examples of CNS traumas include, Without 
limitation, blunt trauma, hypoxia, and invasive trauma. 
Examples of acquired secondary effects of non-neural dys 
function include, Without limitation, cerebral palsy, congeni 
tal hydrocephalus, muscular dystrophy, stroke, and vascular 
dementia, as Well as neural degeneration resulting from any 
of the folloWing: an injury associated With cerebral hemor 
rhage, developmental disorders (e.g., a defect of the brain, 
such as congenital hydrocephalus, or a defect of the spinal 
cord, such as spina bi?da), diabetic encephalopathy, hyper 
tensive encephalopathy, intracranial aneurysms, ischemia, 
kidney dysfunction, subarachnoid hemorrhage, trauma to 
the brain and spinal cord, treatment by such therapeutic 
agents as chemotherapy agents and antiviral agents, vascular 
lesions of the brain and spinal cord, and other diseases or 
conditions prone to result in nervous tissue degeneration. 

[0055] In one embodiment of the present invention, the 
nervous tissue degeneration is a peripheral neuropathy in the 
PNS. As de?ned herein, the term “peripheral neuropathy” 
refers to a syndrome of sensory loss, muscle Weakness, 
muscle atrophy, decreased deep-tendon re?exes, and/or 
vasomotor symptoms. In a subject Who has a peripheral 
neuropathy, myelin sheaths (or SchWann cells) may be 
primarily affected, or axons may be primarily affected. The 
peripheral neuropathy may affect a single nerve (mononeur 
opathy), tWo or more nerves in separate areas (multiple 
mononeuropathy), or many nerves simultaneously (poly 
neuropathy). 
[0056] Examples of peripheral neuropathies that may be 
treated by the methods disclosed herein include, Without 
limitation, peripheral neuropathies associated With acute or 
chronic in?ammatory polyneuropathy, amyotrophic lateral 
sclerosis (ALS), collagen vascular disorder (e.g., polyarteri 
tis nodosa, rheumatoid arthritis, Sjogren’s syndrome, or 
systemic lupus erythematosus), diphtheria, Guillain-Barré 
syndrome, hereditary peripheral neuropathy (e.g., Charcot 
Marie-Tooth disease (including type I, type II, and all 
subtypes), hereditary motor and sensory neuropathy (types I, 
II, and III, and peroneal muscular atrophy), hereditary 
neuropathy With liability to pressure palsy (HNPP), infec 
tious disease (e.g., acquired immune de?ciency syndrome 
(AIDS)), Lyme disease (e.g., infection With Borrelia burg 
dorferi), invasion of a microorganism (e.g., leprosy—the 
leading cause of peripheral neuropathy WorldWide, after 
neural trauma), leukodystrophy, metabolic disease or disor 
der (e.g., amyloidosis, diabetes mellitus, hypothyroidism, 
porphyria, sarcoidosis, or uremia), neuro?bromatosis, nutri 
tional de?ciencies, paraneoplastic disease, peroneal nerve 
palsy, polio, porphyria, postpolio syndrome, Proteus syn 
drome, pressure paralysis (e.g., carpal tunnel syndrome), 
progressive bulbar palsy, radial nerve palsy, spinal muscular 
atrophy (SMA), a toxic agent (e.g., barbital, carbon mon 
oxide, chlorobutanol, dapsone, emetine, heavy metals, hex 
obarbital, lead, nitrofurantoin, orthodinitrophenal, pheny 
toin, pyridoxine, sulfonamides, triorthocresyl phosphate, the 
vinca alkaloids, many solvents, other industrial poisons, and 
certain AIDS drugs (including didanosine and Zalcitabine), 
trauma (including neural trauma—the leading cause of 
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peripheral neuropathy, WorldWide), and ulnar nerve palsy 
(Beers and BerkoW, eds., The Merck Manual of Diagnosis 
and Therapy, 17th ed. (Whitehouse Station, N.J.: Merck 
Research Laboratories, 1999) chap. 183). In a preferred 
embodiment of the present invention, the peripheral neur 
opathy is ALS or SMA. 

[0057] In another embodiment of the present invention, 
the nervous tissue degeneration is a neurodegenerative dis 
ease. Examples of neurodegenerative diseases that may be 
treated by the methods disclosed herein include, Without 
limitation, AlZheimer’s disease, amyotrophic lateral sclero 
sis (Lou Gehrig’s Disease), BinsWanger’s disease, Hunting 
ton’s chorea, multiple sclerosis, myasthenia gravis, Parkin 
son’s disease, and Pick’s disease. 

[0058] It is also Within the con?nes of the present inven 
tion for the method described herein to be used to treat 
nervous tissue degeneration that is associated With a demy 
elinating condition. Examples of demyelinating conditions 
include, Without limitation, acute disseminated encephalo 
myelitis (ADEM), acute transverse myelitis, acute viral 
encephalitis, adrenoleukodystrophy (ALD), adrenomyelo 
neuropathy, AIDS-vacuolar myelopathy, HTLV-associated 
myelopathy, Leber’s hereditary optic atrophy, multiple scle 
rosis (MS), progressive multifocal leukoencephalopathy 
(PML), subacute sclerosing panencephalitis, and tropical 
spastic paraparesis. 
[0059] The differentiated neural cells of the present inven 
tion may be transplanted into a subject in need of treatment 
by standard procedures knoWn in the art, as Well as the 
methods described herein. By Way of example, embryoid 
bodies (Which may be derived from pluripotent ES cells) 
may be induced With appropriate embryonic signalling fac 
tors (e.g., RA and Hh-Ag1.3), to produce differentiated 
neural cells. At an appropriate time post-induction (e.g., 3-4 
days after induction), embryoid bodies (EBs) may be pre 
pared for transplantation (e.g., partially triturated), and then 
transplanted into a subject (e.g., into the spinal cord of a 
chick, HH stage 15-17). To accommodate transplanted tis 
sue, the subject may be suction-lesioned prior to implanta 
tion. Approximately 1/z-1 EB (or an EB equivalent) then may 
be implanted into a segment spanning 2-5 somites at rostral 
cervical, caudal cervical, thoracic, or lumbar regions of the 
subject. 

[0060] In one embodiment of the present invention, the 
differentiated neural cell is transplanted into the spinal cord 
of a subject, thereby repopulating the subject’s spinal cord, 
and the nervous tissue degeneration is a peripheral neuropa 
thy associated With ALS or SMA. Where the transplanted 
neurons are spinal motor neurons, the rostraliZing and cau 
daliZing embryonic signalling factors are preferably retinoic 
acid, and the dorsaliZing or ventraliZing embryonic signal 
ling factor is preferably an activator of a Hedgehog signal 
ling pathWay. 

[0061] In the method of the present invention, differenti 
ated neural cells are transplanted into a subject in need of 
treatment in an amount effective to treat the nervous tissue 

degeneration. As used herein, the phrase “effective to treat 
the nervous tissue degeneration” means effective to amelio 
rate or minimiZe the clinical impairment or symptoms of the 
nervous tissue degeneration. For example, Where the ner 
vous tissue degeneration is a peripheral neuropathy, the 
clinical impairment or symptoms of the peripheral neuropa 






























